The LDL receptor-related protein 1 (LRP1) is a multifunctional cell surface receptor that is highly expressed on neurons. Neuronal LRP1 in vitro can mediate ligand endocytosis, as well as modulate signal transduction processes. However, little is known about its role in the intact nervous system. Here, we report that mice that lack LRP1 selectively in differentiated neurons develop severe behavioral and motor abnormalities, including hyperactivity, tremor, and dystonia. Since their central nervous systems appear histoanatomically normal, we suggest that this phenotype is likely attributable to abnormal neurotransmission. This conclusion is supported by studies of primary cultured neurons that show that LRP1 is present in close proximity to the N-methyl-Daspartate (NMDA) receptor in dendritic synapses and can be coprecipitated with NMDA receptor subunits and the postsynaptic density protein PSD-95 from neuronal cell lysates. Moreover, treatment with NMDA, but not dopamine, reduces the interaction of LRP1 with PSD-95, indicating that LRP1 participates in transmitterdependent postsynaptic responses. Together, these findings suggest that LRP1, like other ApoE receptors, can modulate synaptic transmission in the brain.
The LDL receptor-related protein 1 (LRP1) is a multifunctional member of the LDL receptor (LDLR) family of lipoprotein receptors. First recognized as an endocytic receptor, it mediates the cellular uptake of a great variety of ligands, e.g., chylomicron remnants (40) and protease-protease inhibitor complexes (reviewed in reference 19) . Recent experimental studies have shown, however, that LRP1 exerts biological functions beyond cargo transport in several tissues (4, 12, 46, 48) . Like other members of the LDL receptor family, LRP1 seems to have an important role in the regulation of intercellular signaling (2, 5, 29, (33) (34) (35) . Loss of LRP1 in smooth muscle cells of the arterial wall, for instance, results in increased activation of the platelet-derived growth factor (PDGF) signaling pathway and disruption of vascular-wall architecture (4) . In addition, LRP1 (also called CD91) of alveolar macrophages has been implicated in the control of the pulmonary inflammatory response to pathogens and damaged cells (12) .
It is likely that further functions of LRP1 will continue to emerge with the study of this ubiquitously expressed protein in different tissues. Apart from liver, blood vessels, and lung, high levels of LRP1 are also found in the central nervous system (18) , where it is present on both glial and neuronal cells throughout the brain and spinal cord (7, 21, 36) . The in vivo functions of neuronal LRP1 have not been examined in detail, but several in vitro studies suggest that it plays an important role in different aspects of neuronal metabolism. LRP1 is found in the somatodendritic compartment of neurons (6) , and it can mediate the endocytosis of extracellular ligands in these cells (31) . LRP1 also interacts with the neuronally expressed amyloid precursor protein (APP) (23, 24) and regulates its proteolytical processing and the production of the A␤ peptide (38, 44) , a process that is of central importance for the pathogenesis of Alzheimer's disease.
Moreover, LRP1 has been found to regulate calcium influx into neurons after stimulation with the glutamate receptor agonist N-methyl-D-aspartate (NMDA) (39) . The molecular mechanism that underlies this effect has not yet been identified. However, the possibility that LRP1 might modulate the functions of neuronal synaptic proteins is in agreement with earlier results that showed that LRP1 can interact with the postsynaptic density protein PSD-95 (13) and might be part of a large postsynaptic density protein complex, where it would be able to modulate the conductance of neuronal ion channels.
Here, we show that endogenous PSD-95 can be coprecipitated with LRP1 from cultured primary neurons. Treatment of cells with NMDA reduces the amount of PSD-95 that is brought down with LRP1, indicating a function-dependent interaction of the two proteins. In addition, we demonstrate that NMDA receptor subunits also coprecipitate with neuronal LRP1 and that they colocalize with LRP1 in neurons.
To examine the functional significance of neuronal LRP1 in vivo we used the cre-loxP system to generate genetically modified mice that lack LRP1 expression in differentiated postmitotic neurons. Loss of neuronal LRP1 in these animals causes hyperactivity and motor dysfunction with prominent tremor and dystonia. In the absence of obvious morphological abnormalities, these symptoms are most likely due to a functional deficit in neurotransmission, which would be compatible with a role for LRP1 in modulating glutamatergic synapse function in the central nervous system.
MATERIALS AND METHODS
Preparation of rat embryonic cortical neurons. Animals were maintained in accordance with National Institutes of Health and institutional animal care guidelines. Cortical neurons from embryonic day 18 rat embryos (SpragueDawley; Charles River, Wilmington, Mass.) were prepared and cultured as described previously (3) .
Rat hippocampal neurons in glial cell coculture were generously provided by Iza Lesznicki (T. Sudhof Laboratory, University of Texas Southwestern Medical Center at Dallas).
Coimmunoprecipitation of proteins with LRP1. Neuronal lysates for coimmunoprecipitation experiments were prepared with immunoprecipitation (IP) lysis buffer containing 20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM MgCl 2 , 1 mM CaCl 2 , and 1% Triton X-100 plus one tablet of Roche EDTA-free protease inhibitors per 10 ml of buffer and phosphatase inhibitor cocktails I and II (Sigma, St. Louis, Mo.) diluted 1:100 according to the manufacturer's instructions. Briefly, cultured rat embryonic cortical neurons were washed once with cold phosphate-buffered saline (PBS) and then scraped into 500 l of IP lysis buffer per 100-mm-diameter dish. After 5 min of incubation at 37°C, the lysate was passed through a 22-gauge needle 10 times and then centrifuged at 20,000 ϫ g at 4°C for 20 min. The supernatant was adjusted to a protein concentration of 1 g per l, and 1 ml of the final lysate was used for IP with 7 l of LRP1 antiserum (18) or nonimmune control. Fifty microliters of 50% protein A-agarose (Sigma) in IP lysis buffer were added, and samples were rotated at 4°C for 12 h. The beads were recovered by centrifugation and washed once with IP lysis buffer and twice with IP lysis buffer with 0.1% Triton X-100. Finally, 50 l of 2ϫ sodium dodecyl sulfate (SDS) sample buffer containing 5% ␤-mercaptoethanol was added, and samples were heated to 95°C for 5 min. After centrifugation, the supernatants were separated by SDS-polyacrylamide gel electrophoresis and analyzed by Western blotting as described below.
Where applicable, 100 M NMDA (Sigma) or 50 M dopamine (Sigma) was added from a 1,000ϫ stock solution in H 2 O 10 min prior to the preparation of cell lysates.
SDS-polyacrylamide gel electrophoresis and Western blot analysis were performed according to standard procedures on SDS-polyacrylamide gels. After electrophoresis and protein transfer to supported nitrocellulose membranes, immunoblot analysis was carried out with a rabbit polyclonal antibody against a carboxyl-terminal epitope of LRP1 (18) , a mouse monoclonal PSD-95 antibody (Upstate, Charlottesville, Va.), or goat polyclonal antibodies against NR2A or NR2B (Santa Cruz, Santa Cruz, Calif.). After incubation with a horseradish peroxidase-conjugated secondary antibody, bound antibodies were visualized by enhanced chemiluminescence using SuperSignal CL-HRP Substrate (Pierce, Rockford, Ill.) according to the manufacturer's instructions.
For quantitative immunoblotting (LRP1), a radiolabeled secondary antibody (anti-rabbit whole antibody from donkey; 125 I labeled; 10 6 cpm/ml; Amersham, Piscataway, N.J.) was employed. The radioactive signals of the LRP1 bands were quantified with a Fuji BAS1000 photoimager.
Immunocytochemistry. Rat embryonic neurons cultured on coverslips were fixed with methanol (100%) at Ϫ20°C for 10 min. After being washed with Tris-buffered saline (TBS), samples were blocked with 10% donkey serum and 1% albumin in TBS for 1 h at room temperature. Then, incubation with the first antibodies (affinity-purified rabbit polyclonal ␣-LRP1 and goat polyclonal ␣-NR2A [Santa Cruz] diluted 1:100 in 1% albumin in TBS) was done overnight at 4°C. Alexa 488-labeled donkey anti-rabbit and Alexa 594-labeled donkey anti-goat antibodies (both from Molecular Probes, Eugene, Oreg.) were used at 1:100 in 1% albumin in TBS for the detection of bound primary antibody. Finally, the coverslips were mounted on slides in aqueous mounting medium (Molecular Probes) and examined by confocal laser scanning microscopy with a Leica TCS SP microscope. Photoshop software (Adobe) was used to merge exposures of the same frame obtained at different excitation wave lengths.
Synapsin Cre/LRP lox/lox mice. Mice carrying a loxP-marked LRP1 allele were generated in our laboratory and were described previously (41) . These mice were bred to animals transgenic for the viral Cre recombinase under the control of the synapsin I promoter. These mice have been characterized elsewhere (49) . For experiments, age-matched 3-to 6-month-old mice were used.
Genotyping PCRs. Genomic DNA from mouse tissues was prepared and examined by PCR according to standard protocols. The following PCR primers were used for the detection of the recombined and nonrecombined LRP lox allele, respectively: primer rec1, 5Ј-GGT GTG ACA TAG AGT TTT AAA GAG G-3Ј; primer rec2, 5Ј-GCA AGC TCT CCT GCT CAG ACC TGG A-3Ј; primer non-rec1, 5Ј-CAT ACC CTC TTC AAA CCC CTT CCT G-3Ј; primer non-rec2, 5Ј-GCA AGC TCT CCT GCT CAG ACC TGG A-]3Ј.
RNA preparation and Northern blot analysis. Total RNA was prepared from adult mouse brains with 1 ml of RNA-STAT60 (Tel-Test, Friendswood, Tex.) per 100 mg of tissue according to the manufacturer's instructions. Twenty micrograms of total RNA was used for Northern blotting with the 2.7-kb KpnI/HindIII fragment of the human LRP1-cDNA serving as an LRP1-specific probe. Briefly, RNA samples were separated on a 1% agarose-5.5% formaldehyde gel and transferred to a Hybond Nϩ membrane (Amersham) by upward capillary transfer in 10ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate). Nucleic acids were cross-linked to the membrane by UV irradiation. RapidHyb buffer (Amersham) was used for prehybridization (30 min at 65°C) and hybridization (1 h at 65°C). For hybridization, 1 ng of probe was labeled with [ 32 P]dCTP, employing the T7 QuickPrime kit (Amersham) according to the manufacturer's instructions. Probe bound to the membrane was detected by autoradiography.
Preparation of brain membranes and ligand blotting. Brain membranes were prepared from adult synapsin Cre/LRP lox/lox and LRP lox/lox control mice as described previously (26) . The protein concentration of the final supernatant was determined using a DC Protein Assay (Bio-Rad, Hercules, Calif.). Membrane proteins were analyzed by SDS-polyacrylamide gel electrophoresis and immunoblotting as described above.
Ligand blot analysis with 125 I-labeled receptor-associated protein (RAP) was performed as described previously (45) .
EMG. Thin wire electrodes were inserted transcutaneously into the knee flexor muscles of SynCre/LRP lox/lox and LRP lox/lox control mice. Electromyograms (EMG) were recorded while the mice were suspended by their tails above the ground and freely moved their legs.
EEG. Electroencephalographic (EEG) recordings were done from implanted cortical surface electrodes as described previously (43) .
Hippocampal-slice preparation and electrophysiologal studies were done as described previously (47) . Recombinant glutathione S-transferase (GST)-RAP was prepared as described previously (17) .
Immunohistochemistry. Anesthetized mice were perfused by cardiac puncture with warm phosphate-buffered saline, followed by 4% (wt/vol) paraformaldehyde in 0.1 M phosphate buffer. The brains were removed and postfixed for 2 h. They were incubated overnight in 25% (wt/vol) sucrose solution. Cryosections 30 m thick were cut and used for free-floating immunohistochemistry. Samples were quenched in 10% methanol-3% H 2 O 2 in PBS for 15 min at room temperature, permeabilized in 1% Triton X-100 in PBS for 15 min at room temperature, and blocked in 50% (vol/vol) normal goat serum in PBS for 8 h at 4°C. The sections were then incubated overnight with a C-terminal rabbit polyclonal LRP1 antibody. Bound immunoglobulin G was visualized with goat anti-rabbit antiserum and subsequent incubation with peroxidase-coupled rabbit anti-peroxidase antiserum (Sternberger, Lutherville, Md.) and detection with diaminobenzidine (peroxidase-antiperoxidase method).
In situ hybridization. The 500-bp BsmI/HindIII fragment of the human LRP1 cDNA served as a template for the synthesis of RNA in situ hybridization probes.
[␣-
33 P]UTP (Amersham)-radiolabeled riboprobe was synthesized using the Riboprobe Systems kit (Promega, Madison, Wis.). To determine expression of LRP1 in neurons of synapsin Cre/LRP lox/lox mice, in situ hybridizations of brain sections were performed as described previously (30) .
RESULTS

Targeted disruption of LRP1 in neurons.
LRP1 is a multifunctional receptor that is highly expressed in neurons and has diverse roles in endocytosis, as well as in the regulation of signal transduction processes. Several in vitro studies have indicated that LRP1 may play an important role in neuronal metabolism by modulating the extracellular environment through the endocytic uptake of extracellular proteins and possibly also by regulating NMDA receptor-dependent ion currents (31, 39) . The in vivo role of neuronal LRP1, however, has been difficult to examine, partly because conventionally gene-targeted mice that lack LRP1 die early during embryogenesis (16) . To circumvent this problem, we used tissue-specific gene disruption for the generation of mice that lack LRP1 in differentiated neurons. Mice harboring loxP recognition sites in the LRP1 gene (41) were bred to mice transgenic for the viral Cre recombinase under the control of the synapsin I promoter. This promoter is active in differentiated neurons throughout the central nervous system but inactive in neural progenitors and glial cells (49) , resulting in the specific loss of neuronal LRP1 in animals that carry the transgene and are homozygous for the floxed LRP1 allele.
To assert that recombination of the loxP-marked LRP1 gene in synapsin Cre/LRP lox/lox mice occurs in and is restricted to neural tissues, we performed PCR analyses of genomic DNA from various organs with primer pairs specific for the recombined LRP1 allele. Figure 1A shows recombination in synapsin Cre/LRP lox/lox mice in the brain and in the spinal cord but not in other organs. Since neurons constitute only a fraction of all cell types in the brain and spinal cord, the nonrecombined allele is also detected. . Ligand blotting with radiolabeled RAP, which binds to the LRP1 extracellular domain, confirmed the results from Northern and Western blot analyses (Fig. 1B, bottom) . The presence of residual RNA and protein was expected, since LRP1 is also expressed, albeit at lower levels, in glia. To ascertain the loss of neuronal LRP1, we performed immunohistochemical analyses (Fig. 1C, Mice deficient in neuronal LRP1 exhibit behavioral and gross motor abnormalities. Synapsin Cre/LRP lox/lox mice are born at the expected Mendelian frequency from heterozygous breedings and show no abnormalities at birth. Beginning ϳ3 weeks after birth, however, they gradually develop a complex phenotype consisting of behavioral and motor abnormalities. General hyperactivity is combined with increased voluntary movement ( Fig. 2A) and a constant muscle tremor. Over time, dystonic posturing with increased thoracic kyphosis and increased plantar flexion of the feet occurs (Fig. 2B) , with asymmetric involvement in some mice. Synapsin Cre/LRP lox/lox mice display a characteristic waddling gait, as revealed by their altered footprint patterns (Fig. 2C ).
Step width increases in relation to step length, and four tracks of prints become visible instead of two. Moreover, synapsin Cre/LRP lox/lox mice show pronounced hind limb weakness, evidenced by an inability to stand on their hind legs and mild lack of coordination.
Unlike wild-type mice, which regularly extend their legs when they are suspended by their tails, synapsin Cre/LRP lox/lox mice characteristically clasp their hind limbs, indicating motoneuronal disinhibition or motor excitation.
Although synapsin Cre/LRP lox/lox mice are initially of the same size and weight as wild-type mice, they gradually fall behind in their growth rate. Adult mice are lean, although they eat more than their wild-type counterparts. The reduced weight is likely caused by increased energy expenditure due to hyperactivity and constant tremor. Synapsin Cre/LRP lox/lox mice are hypoglycemic and hypoinsulinemic (Table 1) and die prematurely around 9 months of age.
The fertility of synapsin Cre/LRP lox/lox mice is greatly reduced. Seizures are not part of the observed phenotype.
Brain morphology is normal in synapsin Cre/LRP lox/lox mice. The brains of adult synapsin Cre/LRP lox/lox mice appear histologically normal (data not shown). As recombination in synapsin Cre transgenic mice takes place only in differentiated neurons and not in progenitors and progresses after birth, gross misplacement of neurons was not expected.
In addition, the absence of morphological alterations in syn- apsin Cre/LRP lox/lox mice suggests that there is no major neuronal loss caused by degeneration.
EEG and EMG studies. As no histological abnormalities could be detected in the nervous systems of SynCre/LRP lox/lox mice, we hypothesized that the phenotypic abnormalities might be caused by a functional deficit in neurotransmission. We therefore measured electroencephalographic potentials in synapsin Cre/LRP lox/lox mice to assess general cerebral electrical activity. Figure 3A shows EEG recordings from synapsin Cre/ LRP lox/lox mice comparable to those of control mice with no obvious detectable abnormalities. By contrast, electromyographic studies revealed the consistent tremor but no abnor- (Fig. 3B) . Moreover, microscopic analysis of ␣-bungarotoxin-stained neuromuscular endplates revealed normal morphology and numbers (data not shown). These findings suggest that the functional deficit in synapsin Cre/LRP lox/lox animals, which affects the generation and control of motor activity, is not caused by neuromuscular dysfunction but likely by a central nervous system defect. In addition, overall electrical activity in the brain is not altered. The defect thus must be restricted either to defined transmitter systems or to circumscribed regions of the central nervous system, where change in activity is not picked up by EEG recordings.
Coimmunoprecipitation with PSD-95 and NMDA receptor subunits NR2A and NR2B suggests postsynaptic localization of neuronal LRP1. In order to further examine the role of neuronal LRP1 in the regulation of neurotransmission, we decided to determine the subcellular localization of the receptor and its potential coupling to neurotransmitter systems.
Results from a yeast two-hybrid screen had suggested an interaction of the cytoplasmic domain of LRP1 with the postsynaptic density protein PSD-95 (13) . In order to confirm this finding, we examined whether the native proteins could be coprecipitated from primary cultures of rat embryonic neurons. Figure 4 shows that immunoprecipitation of LRP1 from neuronal lysates results in the coprecipitation of PSD-95 (lane 3), whereas no PSD-95 was detected in control immunoprecipitation experiments performed with nonimmune serum (lane 4). This not only confirms the interaction between LRP1 and PSD-95, it also suggests that LRP1 is present in the postsynaptic compartment.
PSD-95 is a scaffolding protein that takes part in the formation of high-molecular-weight protein complexes at postsynaptic density (20) . Among the components of these complexes is the NMDA receptor, which mediates calcium influx into neurons in response to the neurotransmitter glutamate. As it has been reported that LRP1 might influence NMDA receptor function (39), we searched for evidence of coprecipitation of the NMDA receptor with LRP1. As can be seen in Fig. 5A and B, after precipitation with the LRP1 antibody, both NMDA receptor subunits NR2A (Fig. 5A, lane 3) and NR2B (Fig. 5B , lane 1) could be detected in the immunoprecipitate from neuronal lysates. No NR2A or NR2B protein was detected in the nonimmune controls (Fig. 5A, Indirect immunofluorescence double staining confirms partial colocalization of LRP1 and NR2A. Indirect immunofluorescence studies with antibodies against LRP1 and the NMDA receptor subunit NR2A showed that LRP1 is present on neuronal cell bodies and dendritic processes and confirmed its partial colocalization with the NMDA receptor subunit (Fig.  5C ). Figure 5D shows the spatial proximity of LRP1 and NR2A on a dendritic process.
Together, these findings suggest that LRP1 might interact with the glutamatergic transmitter system, where it could modulate postsynaptic responses to NMDA receptor activation.
Pretreatment with NMDA reduces the coprecipitation of PSD-95 with LRP1. We next examined whether postsynaptic LRP1 responded to NMDA treatment of neurons and tested whether the interaction with PSD-95 could be influenced by NMDA receptor activation. Interestingly, treatment of cul- a Food and water intake of eight 2-month-old SynCre/LRP lox/lox and eight 2-month-old LRP lox/lox mice were measured over a 24-h period. In addition, body weight, plasma insulin, blood glucose, thyroid-stimulating hormone (TSH), and thyroid hormone T4 levels were determined. Despite increased food intake, SynCre/LRP lox/lox mice remained lean and their blood glucose and plasma insulin levels were lower than those in control animals. Thyroid function tests (TSH and T4 serum levels) were normal.
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on Notably, NMDA treatment also reduced PSD-95 levels in the IP supernatants (Fig. 6, lane 3) . This is likely due to proteasomal degradation of PSD-95, which has been reported to occur after NMDA receptor activation (8) and which could be the mechanism of NMDA-dependent modulation of the LRP1-PSD-95 interaction.
As we found that LRP1 responded to NMDA treatment of neurons, we next examined whether we could detect modulation of NMDA receptor-dependent synaptic transmission by LRP1. For this purpose, we used hippocampal slices from SynCre/LRP lox/lox and control mice to measure long-term potentiation (LTP), a well-established parameter for assessing synaptic function in vitro. Furthermore, earlier studies had already implicated LRP1 in the regulation of hippocampal LTP (50) .
Normal hippocampal LTP in synapsin Cre/LRP lox/lox mice. Measurements of synaptic function in hippocampal slices by a population field recording technique of excitatory postsynaptic potentials from area CA1 showed no abnormalities of synaptic transmission or short-and long-term potentiation in the hippocampus in SynCre/LRP lox/lox mice. Baseline synaptic transmission at Schaffer collateral synapses in SynCre/ LRP lox/lox mice was not different from that in LRP lox/lox controls (Fig. 7A) . Similarly, there was no abnormality in shortterm synaptic plasticity as measured by paired-pulse facilitation in SynCre/LRP lox/lox animals (Fig. 7B) . Long-term potentiation in CA1 at Schaffer collateral synapses was of approximately the same magnitude in SynCre/LRP lox/lox and control mice (Fig. 7C) .
LRP1 has been implicated in hippocampal long-term potentiation because treatment of hippocampal slices with the receptor-associated protein RAP reduced the magnitude of LTP (50) . Treatment of LRP1-deficient slices from SynCre/LRP lox/lox animals, however, also led to a reduction in LTP, suggesting that RAP acts through another LDLR family member (Fig.  7D ), e.g., ApoER2 or VLDLR, which bind RAP and have been shown to play an important role in hippocampal LTP (47) . Taken together, our findings suggest a critical role for LRP1 in postsynaptic function in some neurons. Dysfunction of synaptic transmission occurs in the absence of histologically detectable abnormalities and may involve abnormal regulation of NMDA receptor function.
DISCUSSION
In the present study, we examined the in vivo functions of the LDLR receptor family member LRP1 in neurons. We found that it plays an important role in the regulation of motor activity in mice, possibly through the modulation of postsynaptic signals.
LRP1 is a ubiquitously expressed transmembrane protein that has a dual role in the endocytosis of diverse ligands and in the modulation of signal transduction processes (15, 19) . Like other members of the family of LDL receptor-related proteins, LRP1 is highly expressed in the central nervous systems of mammals, predominantly in neurons and glial cells of the brain and the spinal cord (7, 21, 36) . The function of neural LRP1 in vivo, however, has been difficult to examine, partly because of the lack of an LRP1-deficient model organism. Furthermore, mice with targeted disruption of the LRP1 gene die early during embryonic development, before differentiation of the nervous system (16) .
To avoid the problem posed by early-embryonic lethality, we generated genetically modified mice that lose LPR1 expression in postmitotic differentiated neurons through cre-loxP-mediated disruption of the LRP1 gene. For this purpose, Cre recombinase was expressed from a transgene under the control of the synapsin I promoter in mice with loxP-marked LRP1 alleles. The synapsin I promoter is active in differentiated neurons (14) , and Cre expression from the synapsin I Cre construct occurs as early as embryonic day 12.5 (49) . Nevertheless, SynCre/LRP lox/lox mice appear normal at birth, and histological examination did not reveal any developmental defects in their nervous systems, suggesting that LRP1 on differentiated neurons is not critical for neural development. This does not exclude a role for LRP1 in neurodevelopment, since LRP1 expression in neural progenitors and glial cells is not altered in SynCre/LRP lox/lox mice (14, 49) . While additional studies will be necessary to comprehensively assess the neurodevelopmental importance of LRP1, its functions in the adult nervous system can be examined in SynCre/LRP lox/lox mice without confounding influence from structural developmental defects.
LRP1 expression is lost in the majority of differentiated neurons of SynCre/LRP lox/lox mice (Fig. 1C, b and d ), but recombination of the floxed LRP1 allele is not complete (Fig.  1A) , with residual neuronal LRP1 expression remaining in SynCre/LRP lox/lox brains (Fig. 1C, d ). Nevertheless the reduction of LRP1-expressing neurons is apparently critical in some areas of the nervous system, as SynCre/LRP lox/lox mice suffer from behavioral and motor abnormalities that ultimately lead to their premature death. Hyperactivity, tremor, and dystonia occurred in mutant mice without histologically detectable brain abnormalities, prompting us to hypothesize that loss of neuronal LRP1 may cause a functional deficit in neurotransmission without gross neurodegeneration. What are the mechanisms by which LRP1 might participate in or modulate neuronal functioning? First, LRP1 is an endocytic receptor that can deliver a wide variety of extracellular ligands to cells (19) . As reduced viability or significant loss of neurons was not observed in SynCre/LRP lox/lox mice, however, it seems unlikely that cargo transport by LRP1 has an essential nutritive function in the nervous system. On the other hand, it has been demonstrated that LRP1 is endocytotically active in neurons, and it could be a modulator of their extracellular microenvironment, e.g., in the synaptic cleft (31) , although the exact mechanism by which this would influence synaptic transmission remains to be elucidated.
Second, there is a growing body of evidence for a role of LRP1 in modulating signal transduction processes (4, 35, 46, 48) . LRP1 controls several signaling pathways in different tissues and likely has similar functions in the nervous system. In this respect, it is particularly intriguing that LRP1 was found to regulate NMDA-dependent calcium currents in vitro (39) . A role for LRP1 in the modulation of ligand-dependent ion currents could explain the functional deficits in our SynCre/ LRP lox/lox mice. In addition, it has been shown that LRP1 can interact with the scaffolding protein PSD-95 (13) , which also interacts with NMDA receptors. In coimmunoprecipitation experiments with neuronal lysates, we showed that LRP1 does indeed interact with PSD-95 (Fig. 4) and that NMDA receptor subunits can be coprecipitated with LRP1 ( Fig. 5A and B) . Double immunofluorescence confirmed the colocalization of LRP1 and NMDA receptor subunits ( Fig. 5C and D) , indicating that LRP1 is present in postsynaptic densities in neurons, where it may modulate synaptic transmission. Treatment of neurons with NMDA reduced the coprecipitation of PSD-95 with LRP1 (Fig. 6 ). This shows that LRP1 is responsive to stimulation of the NMDA receptor system. The exact mechanism of the reduced LRP1-PSD-95 interaction remains to be elucidated, but several mechanisms are possible. First, rapid proteasomal degradation of PSD-95 after NMDA treatment of hippocampal neurons has been demonstrated (8), suggesting that the amount of PSD-95 that can interact with LRP1 is reduced. However, in our experiments, the total amount of PSD-95 in the lysate was only marginally reduced by NMDA treatment (Fig. 6, lane 3) , while the amount of PSD-95 that was precipitated with LRP1 was dramatically diminished (Fig. 6, lane 6 ). This suggests that LRP1 interacts with the active pool of PSD-95 that is subject to regulation by proteasomal degradation in response to NMDA receptor activation.
A second possibility comes from the finding that the LRP1 intracellular domain can be released from the plasma membrane by a ␥-secretase-dependent proteolytical cleavage step (35) . If the proteolytic processing of LRP1 were increased by NMDA, as has recently been shown for the neuronal protein N-cadherin (32) , interaction of the tail with PSD-95 might also be reduced. This could be due to a change in subcellular localization, or it could facilitate the degradation of PSD-95, as the free LRP1 tail is itself short-lived and subject to proteasomal degradation (35) .
Third, posttranslational modification by phosphorylation in response to NMDA treatment could limit the interaction of PSD-95 and LRP1. Recent studies have shown that several kinases are capable of phosphorylating PSD-95, e.g., p38 (42) , which is activated in response to NMDA receptor stimulation (22) . Another candidate is cdk5, which can be modulated by calcium flux (10) and can also phosphorylate PSD-95 (37) .
Finally, the phosphorylation status of LRP1 may itself regulate the interaction with PSD-95. LRP1 is phosphorylated in response to different stimuli, e.g., PDGF treatment of cells (5, 29) or PKA activation (28) , although such a posttranslational modification of LRP1 in response to NMDA receptor activation remains be shown.
Independent of the precise mechanism by which NMDA affects the interaction of LRP1 and PSD-95, our results support previously published findings that suggested that LRP1 can modulate NMDA receptor signaling (1, 39) . In addition, the phenotypic abnormalities of SynCre/LRP lox/lox mice are similar to the symptoms that can be observed after the treatment of rodents with NMDA receptor antagonists (11) .
Another mouse model with a combination of hyperactivity and motor abnormalities similar to those of SynCre/LRP lox/lox animals was described recently. These animals lack the dopamine reuptake transporter and therefore suffer from greatly enhanced dopaminergic transmission (9) . This is particularly FIG. 6 . Treatment with NMDA reduces coprecipitation of PSD-95 with LRP1. Cultured rat embryonic neurons were either left untreated (UT) or treated with 100 M NMDA or 50 M dopamine for 10 min. Whole-cell lysates were then prepared and subjected to immunoprecipitation with an anti-LRP1 antibody. Immunoprecipitates were resolved by SDS-polyacrylamide gel electrophoresis, and immunoblotting was performed with an antibody against PSD-95. The amount of PSD-95 that coprecipitated with LRP1 was greatly reduced by NMDA treatment (lane 6), but dopamine had no effect (lane 5). ϩ, shorter exposure of lanes 1 to 3. WB, Western blotting; SN, supernatant.
intriguing, because activation of type D2 dopamine receptors has been shown to depress excitatory transmission by NMDA receptors in CA1 pyramidal neurons (25) . This depression was dependent on PDGF receptor beta transactivation after dopaminergic stimulation (25) . Since earlier studies have shown that in the arterial wall loss of LRP1 leads to increased activity in PDGF receptor beta-dependent signaling (4), the PDGF receptor-mediated cross talk between dopaminergic and glutamatergic neurotransmissions might be critically disturbed in SynCre/ LRP lox/lox mice. Deregulated PDGF receptor activity might result in depression of NMDA receptor signaling in a way that is similar to dopaminergic hyperstimulation.
An area where this might occur is the prefrontal cortex or the nigrostriatal system, where interaction of dopaminergic and glutamatergic transmissions has been described and which are involved in the initiation and control of motor activity (27) . By contrast, this regulatory pathway does not appear to play a role in hippocampal LTP, since electrophysiological analyses of hippocampal slices of SynCre/LRP lox/lox mice did not reveal any abnormalities (Fig. 7) . A reason for this could be that there is enough LRP1 left to maintain normal function or LRP1 is not essential in this region because of functional redundancy with other lipoprotein receptors. In particular, ApoER2 has been shown to be necessary for normal LTP at Schaffer collateral synapses in the CA1 area of the hippocampus (47) . This also explains the finding that treatment of hippocampal slices with the inhibitory receptor-associated protein (RAP) reduced long-term potentiation in this electrophysiological paradigm (50) . This effect was initially ascribed to a blockade of LRP1. However, since LTP induction and maintenance were unchanged despite the loss of LRP1 expression in the majority of hippocampal CA1-CA3 neurons and because RAP induced the same LTP reduction in SynCre/LRP lox/lox mice (Fig. 7D) , it is likely that this effect of RAP is caused by inhibition of one or more members of the LDL receptor family other than LRP1, such as ApoER2 and VLDLR.
In summary, we have uncovered a novel and essential role of LRP1 in the control of behavior and motor function in mice that involves regulation of postsynaptic signaling mechanisms through interaction with the NMDA receptors. These findings add to the expanding roles of members of the ancient and evolutionarily conserved LDL receptor gene family as regulators of intercellular communication and neurotransmission in the nervous system. 
